Bovine respiratory disease (BRD) often occurs when active respiratory virus infections (BHV-1, etc.) impair resistance to Mannheimia haemolytica infection in the lower respiratory tract. The interactions that occur when the respiratory epithelium encounters these viral and bacterial pathogens are poorly understood. We used Agilent bovine gene microarray chips containing 44,000 transcripts to elucidate bovine bronchial epithelial cell (BBEC) responses following in vitro exposure to BHV-1 alone, M. haemolytica alone, or both BHV-1 and M. haemolytica. Microarray analysis revealed differential regulation (>2-fold) of 978 transcripts by BHV-1 alone, 2040 transcripts by M. haemolytica alone, and 2189 genes by BHV-1 and M. haemolytica in combination. M. haemolytica treatment produced significantly greater inductions (>10-fold) of several inflammation associated genes, such as CXCL2, IL-6, IL-1␣, e-selectin, and IL-8, than to BHV-1 alone. Functional analysis of the microarray data revealed a significant upregulation of genes involved in important biological processes such as inflammation (TNF-␣, IL-8, Tlr-2, IL-1, CXCL2, CSF2), vascular functions (VEGF, EDN2) and leukocyte migration (ICAM1, IL-16) during a co-infection with BHV-1 and M. haemolytica compared to either pathogen alone. This study provides evidence to support that lung epithelial cells are a source of mediators that may promote inflammatory changes observed during bovine respiratory disease.
Introduction
Bovine respiratory disease (BRD) is a multi-factorial disease complex that involves interactions among stressors, management factors, and viral and bacterial pathogens (Car et al., 1991; Hodgson et al., 2005; Ohmann and Babiuk, 1985) . The main bacterial pathogen of BRD is Mannheimia haemolytica, which produces a potent leukotoxin that is its principal virulence factor (Fedorova and Highlander, 1997; Highlander et al., 2000) . In its most severe manifestation, infection with M. haemolytica can cause fibrinous pleuropneumonia (Car et al., 1991; Hodgson et al., 2005; Loneragan et al., 2001; Ohmann and Babiuk, 1985; Yates, 1982) . It is clear that in cattle, as in humans and other mammalian species, active viral infection dramatically increases susceptibility to bacterial pneumonia. This has been demonstrated experimentally in cattle infected with any one of several bovine respiratory viruses such as bovine herpesvirus 1 (BHV-1) and bovine respiratory syncitial virus (BRSV), which renders them highly susceptible to challenge with M. haemolytica Yates, 1982) . In marked contrast, far greater numbers of M. haemolytica cells are required to cause pneumonia in the absence of viral infection, even when the bacterial cells are inoculated into a bronchus (Ohmann and Babiuk, 1985; Yates, 1982) . These observations indicate that viral infection impairs host defense mechanisms against M. haemolytica, or amplifies undesirable aspects of the host response to this bacterial pathogen.
We have a limited understanding of how respiratory virus infection increases the susceptibility of cattle to bacterial pneumonia with M. haemolytica. Earlier in vivo and in vitro studies identified functional defects in bovine leukocytes exposed to BHV-1 or other viruses (Forman et al., 1982; Hinkley et al., 1998; Leite et al., 2002; McGuire and Babiuk, 1984; Noel et al., 1988) . However, these relatively modest alterations do not sufficiently explain the increased susceptibility to bacterial pneumonia that is observed in the field.
BHV-1 does not result in a productive infection in bovine leukocytes. However, it infects other cell types including bovine epithelial cells (Babiuk et al., 1996; Thaker et al., 1994) . Thus, one might infer that the effects of BHV-1 on resistance to bacterial pneumonia are indirect and may result in part from epithelial cells releasing chemical mediators during viral infection (Babiuk et al., 1996; Brown and Shin, 1990; Leite et al., 2004a,b; Raz et al., 1993) . These mediators in turn can alter the activity of bovine neutrophils and mononuclear phagocytes. For example, we demonstrated previously that exposure of leukocytes to BHV-1 virus -induced cytokines, alters leukocyte expression (or activation) of ␤-integrins in ways that increase their susceptibility to M. haemolytica leukotoxin (LKT) and their adhesion to epithelial cells in vitro (Rivera et al., 2009; Leite et al., 2004a,b) .
Previous studies have focused on the direct interactions of bovine respiratory pathogens (both viral and bacterial) with bovine leukocytes (Forman et al., 1982; Leite et al., 2004a,b) . Less attention has been paid to the interplay among viral and bacterial pathogens and respiratory epithelial cells. Recent reports from our laboratory and others (Gershwin et al., 2005; Hodgson et al., 2005; Rivera et al., 2009; Leite et al., 2004a,b; Raz et al., 1993; Wilson et al., 2005) provide evidence for viral and bacterial pathogen interactions with bovine respiratory epithelial cells. These findings suggest that BHV-1 infection of respiratory epithelial cells results in the release of mediators that attract leukocytes, and with subsequent exposure to M. haemolytica LKT, intensify the inflammatory process that characterizes BRD.
In this study we investigated the gene expression response of bovine bronchial epithelial cells to the bovine respiratory pathogens BHV-1 and M. haemolytica. We use a bovine gene microarray platform to assess expression of more than 44,000 gene targets by primary bovine bronchial epithelial (BBE) cells exposed in vitro to BHV-1, M. haemolytica, or the two agents in combination (Fig. 1) . The results of this analysis demonstrate significant changes in gene expression as a result of epithelial cell encounter with BHV-1 and M. haemolytica. These observations will inform subsequent efforts to assess how products of these genes alter the response of bovine leukocytes to respiratory pathogens. 
Methods

Bovine bronchial epithelial cell culture
Primary bovine bronchial epithelial cells (BBEs), generously provided by Dr. Allen-Gipson (University of Nebraska Medical Center), were maintained in Dulbecco's Modified Eagle's Medium/F12 (DMEM) (Cellgro; Mediatech, Inc., Herndon, VA) containing 10% Fetal Bovine Serum (FBS) (Atlanta Biologicals, Lawrenceville, GA), 2 mM l-glutamine (l-glu) (Mediatech), 200 ng/l epithelial growth factor (EGF) (Sigma, St. Louis, MO), 1% penicillin and streptomycin (Cellgro) at 37 • C and 5% CO 2 .
M. haemolytica
M. haemolytica A1 isolate D153 (a plasmid-negative strain isolated from the lung of a steer that died of pneumonia) was a gift from R. Briggs (Ames, IA). M. haemolytica was grown in brain heart infusion (BHI) broth with shaking at 37 • C for 10 h. Bacterial cells were pelleted at 3750 × g, washed three times in phosphate-buffered saline (PBS). The number of CFU in each broth culture was extrapolated from growth curves performed in our laboratory, and confirmed by dilution plating on tryptic soy agar with 5% sheep red blood cells (Becton Dickinson, Franklin Lakes, NJ) to enumerate CFU.
Bovine herpesvirus 1 propagation
Cooper strain of bovine herpesvirus 1 (BHV-1), was propagated on Simian Virus 40 Large T (SV-40 LT) antigen transformed BBE cells. When cytopathic effects were evident, conditioned media was collected and centrifuged at 250 × g for 5 min. The virus titer was determined by standard plaque assay on transformed BBE cells and expressed as plaque-forming units (PFU)/ml. Alternatively the Reed and Muench method was used to determine the Tissue Culture Infectious Dose 50 (TCID 50 ) per ml of stock virus. Aliquots (200 l) of viral stocks were stored at −80 • C. A fresh aliquot of stock was thawed and used for each experiment. Cell culture media and conditioned media were free of endotoxin or mycoplasma contamination as determined by the Limulus Amoebocyte Lysate kit (Cambrex, East Rutherford, NJ) and by culture on Mycoplasma agar, respectively.
BBE cell responses to BHV-1 or M. haemolytica
BBE cell gene responses to BHV-1, M. haemolytica, or both, were obtained via gene microarray analyses. BBE cells were either untreated, or exposed to BHV-1 (1 h viral absorption with 1 × 10 6 PFU, 6 h total), M. haemolytica (1 × 10 7 CFU for 3 h), or both BHV-1 and M. haemolytica. Total RNA was isolated from treated and untreated BBE cells (1 × 10 6 cells) via RNeasy mini kit according to the recommended protocols (QIAGEN, Valencia, CA). RNA was quantified spectrophotometrically (A 260 ) to estimate concentration. RNA purity was determined by Agilent Bioanalyzer (University of Wisconsin McArdle Labs Macromolecular Analysis Facility).
Microarray analysis
All microarray experiments were performed with 3 biological replicates of treated and untreated cells. A reference design labeling of each sample was employed with the use of Agilent bovine genome cDNA arrays containing 44,000 features. For reference design, all RNA samples (treated and untreated) from BBE cells were labeled with cy3 dye. In addition, a reference control pool of 3 untreated BBE cell RNA samples was labeled with cy5 and used as a control sample. Detailed protocols for microarray preparation, cy3/cy5 labeling of the cDNA probe, sample hybridization, washing, and scanning of Agilent arrays can be found at Bradfield Laboratory (http://mcardle.oncology.wisc.edu/bradfield/default.html, University of Wisconsin Madison McArdle Cancer Center Labs). All arrays were normalized, quality checked and are publicly available through NIH funded EDGE Bioinformatics software housed internally in the Bradfield Laboratory (http://mcardle.oncology.wisc.edu/ bradfield/default.html; University of Wisconsin Madison McArdle Cancer Center Labs). For differential gene expression analysis, log base 2 ratios of cy3/cy5 signal intensity were used to estimate fold changes and significance (p values) by an empirical Bayes method using R Bioconductor Limma package (http://bioinf.wehi.edu.au/limma/) and p-values adjusted for false discovery rate (FDR) using Benjamini-Hochberg FDR approach for multiple comparisons. Genes with a fold change greater than or equal to 2 (log 2 = 1) and p-value of less than 0.05 were used to filter differentially expressed genes.
Microarray gene functional analysis
Implications of the gene expression changes induced by BHV-1, M. haemolytica, and BHV1 + M. haemolytica for biological processes were examined by performing a group wise Gene ontology term analysis using DAVID functional annotation tool (http://david.abcc.ncifcrf.gov/) and Ingenuity Pathway Analysis (Ingenuity Systems, Redwood City, CA; http://www.ingenuity.com/). For DAVID analysis, the GenBank accession numbers of genes which were up or down-regulated by when comparing treated versus untreated BBE cells were analyzed using DAVID default settings. In addition to the enrichment scores for each annotation cluster produced by DAVID, we also determined the cluster size (i.e. the number of individual annotations which satisfied an FDR adjusted p-value <0.01).
Functional and pathway enrichment analyses were further performed with Interactive Pathway Analysis (IPA) software (Ingenuity Systems, Redwood, CA, USA), after obtaining GenBank accession identifiers for the Agilent Bovine array genes. For all functional and pathway enrichments, we required the Benjamini-Hochberg corrected p-value to be <0.05. For cell-type specific functional enrichment analysis, significant function annotations were separated into their function and respective cell types. Functions that were related were grouped together; one cell-type may be significant more than once in each category.
Quantitative real-time PCR
Quantitative real-time PCR verification of microarray responses was performed for BBE cells (10 6 cells) that were untreated or exposed to BHV-1, M. haemolytica, or both BHV-1 and M. haemolytica as described above. Total RNA was isolated from treated and untreated BBECs using an RNeasy mini kit according to the recommended protocols (QIAGEN, Valencia, CA). Total RNA (1.5 g) was heated at 70 • C for 10 min, and then transcribed to cDNA with a Reverse Transcription System kit (Promega, Madison, WI). Relative expression of IL-6, IL-8, COX-2 and BDNF were measured by real-time PCR using the 7300 real-time PCR System (Applied Biosystems, Foster City, CA). The primer sequences used for real-time PCR were constructed by the University of Wisconsin Biotechnology Center (Madison, WI). 
Results
BBE cell gene microarray analysis
Microarray analysis revealed differential BBE cell gene regulation (>2-fold, p < 0.05) of 978 transcripts by BHV-1 alone, 2040 transcripts by M. haemolytica alone, and 2189 genes by co-exposure to BHV-1 and M. haemolytica, as compared to samples from uninfected BBE cell (Fig. 1A) .
Comparison of the differentially expressed gene lists identified 319 genes regulated by all 3 treatments (Fig. 1B) . Differential gene expression elicited by M. haemolytica was comparable to that elicited by co-exposure to BHV-1 and M. haemolytica. There was significantly less overlap in gene expression between BHV-1 alone-and M. haemolytica alone-responsive genes. Pathway analysis to determine the top 5 canonical pathways, and top 5 up stream regulators are presented in Tables 1A and 1B.
Analysis of BBE cell gene responses to BHV-1
The top 70 of the 978 BHV-1 responsive BBE cell genes (Fig. 1 ) are indicated in Supplemental Table 1 . BHV-1 alone induced greater than 10-fold (p < 0.05) changes in expression of EGR1 (>20-fold), CCRN4L, IL6, AVPR1B, and PRKCG; and more than 5-fold changes in FOS, PRM1, TNF, CSF2, FUT2, OXT, CYR61, CSF3, IL1A, and CLDN3 (Supplemental Table 1 ). Functional analysis of these top 70 genes using the DAVID bioinformatics tool revealed 52 annotated bovine IDs. Functional annotation of the 52 annotated DAVID IDs show significant enrichment of genes involved in disulfide bonds (15/52), glycoproteins (14/52), secreted proteins (11/52), cell proliferation (9/52), cytokine activity (7/52), lipoproteins (6/52), developmental factors (4/52), and growth regulation (2/52) .
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j. vetimm.2013.06.012.
Analysis of BBE cell gene responses to M. haemolytica
The top 70 of the 2040 M. haemolytica responsive BBE cell genes identified ( Fig. 1) are indicated in Supplemental Table 2 . M. haemolytica alone induced substantial changes in expression of NOS2A (>100-fold), IL6 (>100fold), IL1A (>90-fold), and CXCL2 (>40-fold); more than 30-fold increases for IL-8, CSF3, and CCL5; and more than 20-fold for CXCL1, PTGS2, SERPINB2, SELE, and TNF. The induction of TNF (>20-fold), IL1A (>90-fold), and IL6 (>100fold) were significantly greater than those seen following exposure to BHV-1 alone. Functional analysis of the top 70 genes in the DAVID bioinformatics tool revealed 50 annotated bovine IDs. Gene profiling of the 50 annotated DAVID IDs shows significant enrichment of genes involved in cytokine activity (10/50), glycoproteins (21/50), secreted proteins (17/50), disulfide bonds (22/50), signal transduction (19/50), and inflammatory response (6/50).
Analysis of BBE cell gene responses resulting from co-exposure to BHV-1 and M. haemolytica
The top 70 of the 2189 BBE cell responses to co-exposure with BHV-1 and M. haemolytica (Fig. 1 ) are indicated in Supplemental Table 3 . Co-exposure to BHV-1 and M. haemolytica induced substantial changes (p < 0.05) in expression of NOS2A (120-fold), IL6 (>100-fold), IL1A (>90fold), and CXCL2 (>40-fold); 30-fold or greater increases in CSF3, IL8, CCL5, and SERPINB2; and >20-fold increases in CXCL1, PTGS2, and SELE. Functional analysis of these top 70 genes in the DAVID bioinformatics tool revealed 53 annotated bovine IDs. Gene profiling of the 53 annotated DAVID IDs shows significant enrichment of genes involved in cytokine activity (10/53), glycoproteins (21/53), secreted proteins (18/53), disulfide bonds (22/53), signal transduction (20/53), and inflammatory response (6/53).
Analysis of gene expression profiles (by multivariate pairwise correlation analysis) indicated a strong correlation between genes expressed in BBE cells treated with M. haemolytica alone and cells co-infected with M. haemolytica and BHV-1. A weak correlation was shown between BBE cells treated with BHV-1 alone and those co-infected with BHV-1 and M. haemolytica (Fig. 2) .
Overall analysis of genes indicated significantly increased gene expression in the BHV-1 and M. haemolytica co-infected group, suggesting some synergism between BHV-1 and M. haemolytica (Fig. 3) . Scatter plot matrix analysis of a selected group of highly expressed genes, however, failed to demonstrate a clear synergism for BBE Fig. 3 . One-way analysis of BBE cell gene responses elicited by BHV-1, MH or BHV-1 + MH. Total significant bovine genes responding to BHV-1, MH or BHV-1 + MH were analyzed and presented as a mean log ratio of test/control. The mean log ratio for (BHV-1 + MH), 0.023227 is greater than the sum of individual log mean ratios for MH and BHV-1, (0.009041 + 0.011703). As a result these data suggest a synergistic effect of BHV-1 and MH. cells co-infected with BHV-1 and M. haemolytica versus either pathogen alone ( Fig. 4) .
Quantitative real-time PCR analysis of BBE cells exposed to BHV-1 or M. haemolytica co-infections
RT-PCR analysis of five selected inflammatory cytokine genes revealed a relative increase in gene expression during M. haemolytica infection compared to BHV-1 infection. Co-infection with both M. haemolytica and BHV-1 did not increase expression to a greater extent than did exposure to BHV-1 or M. haemolytica alone (Fig. 5) . These results confirm the general responses observed in the gene microarray analysis.
Discussion
BRD involves complex interactions among viral and bacterial pathogens that can lead to intense pulmonary inflammation and ultimately fibrinous pleuropneumonia (Yates, 1982) . Identifying underlying mechanisms responsible for the increased susceptibility of BHV-1 infected Fig. 4 . Scatter plot matrix expression profiles of select differentially regulated genes. This analysis illustrates mean fold increase in expression, as compared to unstimualted cells, for selected genes of interest by BBE cell incubated with BHV-1, MH or BHV-1 + MH. cattle to M. haemolytica has been difficult . A previous study used bovine microarrays and real-time PCR analysis to identify the genetic changes with enteric infections (by rotavirus and corona viruses) and respiratory infections by BHV-1 from intestinal loop tissue and monocytes from cattle (Wilson et al., 2005) . We have reported that inflammatory cytokines released from BHV-1-infected BBE cells can alter the adherence and migration of bovine neutrophils and mononuclear phagocytes (Rivera et al., 2009; Noel et al., 1988) . In the present study, we employed a gene microarray strategy to investigate whether BBE cells respond differently to BHV-1and M. haemolytica, than to co-infection with either pathogen.
Cytokines and other mediators released by primary BBE cells can contribute to the pathogenesis of BRD through leukocyte recruitment, attachment and activation (Cudd et al., 2001; Leite et al., 2004a,b) . Activated leukocytes in turn secrete mediators that increase vascular permeability and tissue injury (Bielefeldt-Ohmann et al., 1991) . The BBE cell represents both a primary site of viral infection (Forman et al., 1982) , and a physical barrier against microbial pathogens (Galdiero et al., 2002; Malazdrewich et al., 2001; Lee et al., 2000) . Adherence of the bacterial cells to respiratory epithelium is a crucial and early event in the pathogenesis of BRD (Auger et al., 2009; Kisiela and Czuprynski, 2009 ). We previously reported that pro-inflammatory cytokines produced by BBE cells in response to BHV-1 infection can activate bovine neutrophils, increase their adherence to respiratory epithelium, and exacerbate their response (e.g. apoptosis) to the leukotoxin of M. haemolytica (Leite et al., 2004a,b; Rivera et al., 2009) .
In this study we demonstrate that gene expression by primary BBE cells infected with M. haemolytica is further amplified by a co-infection with BHV-1 and M. haemolytica ( Fig. 3) . For example, the gene expression responses for the cytokines IL-1, IL-6, and IL-8 were 20-fold, 10-fold, and 9-fold greater, respectively following M. haemolytica and BHV-1 co-infection than with BHV-1 infection. These data indicate that co-infection contributes to pro-inflammatory cytokine production that in turn could exacerbate the pathogenesis of BRD. We also noted that gene expression following BHV-1 and M. haemolytica co-infection correlates more strongly with M. haemolytica infection than with exposure to BHV-1 (Fig. 2 ).
This study also shows that there are several genes that are less up regulated by a co-infection with M. haemolytica and BHV-1 than BHV-1 or M. haemolytica infection alone. One such gene is CYR61, a pro-angiogenic protein that is responsible for wound healing, cell migration and IL-6 induction (Perbal, 2004) . Similarly, TNF and SLC2A3 (GLUT3) were also up regulated less by co-infection than by infection with M. haemolytica alone. TNF is a potent proinflammatory cytokine produced by and having a variety of effects on leukocytes, endothelial cells and fibroblasts. In regards to bronchial epithelial cells, TNF is a double edged sword in the pathogenesis of acute lung injury. On one hand, it has a positive effect by promoting clearance of alveolar sac liquid and restoring the integrity of the endothelial barrier (Yang et al., 2010) . Conversely it can interfere with tight junction integrity leading to increased permeability of alveolar epithelial cells and the capillary endothelium. A balance between these two functions influences the outcome of pulmonary infection (Yang et al., 2010) .
Our study reveals that VEGF, EDN2 and CSF2 are three genes that are highly up-regulated by co-infection with BHV-1 and M. haemolytica. VEGF, which promotes vasculogenesis and increases endothelial cell permeability is induced by hypoxia and a variety of different cytokines (Neufeld and Kessler, 2006) . EDN2 is a secreted vasoconstrictive peptide that is responsible for hypertension. CSF2 is a cytokine which stimulates growth and differentiation of granulocytes, macrophages, eosinophils and erythrocytes (Yap et al., 2000; Egea et al., 2010) . Thus, it is noteworthy that during co-infection with BHV and M. haemolytica, these upregulated factors could contribute to enhanced acute lung injury by several pathways and complex mechanisms.
Interestingly, we also demonstrate by overall gene analysis a synergistic effect on gene expression following co-exposure to M. haemolytica and BHV-1 infections (Fig. 3) . This is compatible with the clinical outcome of respiratory tract infections in which bacterial pneumonia is often augmented by viral infection of the respiratory tract in both animals and humans.
We also observed that some genes are differentially regulated during co-infection with both M. haemolytica and BHV-1. CYR61 is up regulated to a lesser extent than IL-6, and the latter is highly upregulated, by co-infection with BHV-1 and M. haemolytica as compared to BHV-1 or M. haemolytica alone. CYR61 is a matrix associated signaling protein that induces IL-6 production (Perbal, 2004) . These gene expression patterns indicate the complex nature of responses elicited by viral-bacterial co-infection. Such infections may be associated with gene expression profiles that promote pathogenesis of disease while the host counters by enhancing expression of genes that mediate protection mechanisms. The balance between these two responses governs the clinical outcome of the infection. Understanding the complex nature of factors contributing to tissue injury requires investigating multiple factors at a given point of time. Gene expression profiling is a useful method to achieve this goal. Because BBE cells resemble the respiratory epithelium in cattle we infer that they provide a model system to assess relevant responses to infection with BHV-1 and M. haemolytica.
We also analyzed these gene expression data using interactive pathway analysis, to reveal signaling pathways and their complex interactions following exposure to BHV-1, M. haemolytica or both BHV-1 and M. haemolytica. The most interesting relationships were noted in the top 5 canonical pathways and the top 5 upstream regulators for the three treatment groups. Consistent with the data in Fig. 2 , these pathways confirmed an overall similarity in pro-inflammatory cytokine (IL-1␤, TNF, LPS induction and NFk␤) up regulation during exposure to M. haemolytica, or co-infection with M. haemolytica and BHV-1 (Tables 1A and 1B) . Interestingly, pathway analysis of BBE cells exposed to BHV-1 alone revealed increased generalized immunological activity due to increased cytokine mediated communication and hyperchemokinemia (Table 1A) . These data, however, revealed generalized immunological activity involving systems other than the respiratory tract (e.g. hepato-billiary and musculo-skeletal).
In summary, our study identifies mediators and their regulatory pathway interactions in BBE cells exposed to the important bovine respiratory pathogens BHV-1 and M. haemolytica. Insights gained in this study may lead to novel therapeutic and preventive strategies to reduce the losses associated with bovine respiratory diseases.
